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meander lines was reported for 2.4/5 GHz dual-band operations. Similarly several dual-band slot antennas like a rectangular shaped slot antenna [4] , a cross shaped slot antenna [5] and a triangular slot antenna [6] were proposed for wholly cover 2.4/5 GHz WLAN bands. Though the reported antennas cover all 2.4/5 GHz WLAN bands, but they are not very compact in size as well as they are not able to cover 3.5 GHz WiMAX band. In [7] , a dual-band monopole antenna is designed by protruding stubs in the ground plane. The presented antenna has an overall size of 35 x 50 mm 2 and it is covering only 2.4 GHz and 5.8 GHz WLAN bands. In [8] , a dual-band slot antenna comprising of two narrow linear slots for WLAN applications was presented, and in [9] , a 50 x 75 mm 2 double Tshaped monopole dual-band antenna was proposed for WLAN applications but both the presented antennas have a drawback of covering only 2.4 GHz and 5.2 GHz WLAN bands. The dual frequency operation was achieved by using CPW-fed antenna with inverted L strip and open ended rectangular ring strip in [10] , the overall dimensions of the proposed antenna was 26.5 x 25 mm 2 which covers only 2.4 GHz and 5 GHz WLAN bands.
In [11] , a 35 x 24 mm 2 size triangular shaped coplanar waveguide fed monopole antenna was proposed for 2.4/5 GHz WLAN and 3.4 GHz WiMAX applications. But again the overall dimensions of the antenna are larger when compared with our proposed design (20 x 20 mm 2 ). Also many researchers have reported UWB antennas [12] [13] for MB-OFDM) / lower band DS-CDMA systems with a frequency range of 3.1 GHz to 4.8 GHz / 3.1 GHz to 5.15 GHz. In [13] , a compact 20  30 mm 2 tree shaped fractal UWB antenna is presented for MB-OFDM lower three band (3.1-4.8 GHz)
applications. Some of the reported antennas perform well in the bandwidth and radiation characteristics, but because of large relative size, they may be difficult to be integrated with miniaturized communication devices. So there is a demand for designing compact multi-band antennas having wideband characteristics. Table 1 shows the comparison of antenna size, operating bands and antenna purpose of the proposed antenna with antennas reported in [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
In this paper, we have proposed a compact dual-band CPW-fed octagonal slot with rectangular Network Analyzer (R&S ZVA-40) while the radiation patterns and gain are measured in an in-house anechoic chamber. Finally, the simulated and measured results are compared and discussed. Another parameter in the design which has to be optimized to ensure good return loss performance is the vertical separation between the patch and the lower ground plane denoted by 'b10' and its optimal value is found to be equal to 3.5 mm. In the geometry of the proposed antenna, the overall length of the L-shaped stub l 2 is set equal to 18.6 mm to cause a resonance at 2.42 GHz (l 2 = 0.25λ).
Similarly, the effective monopole height (b10+b16) is 9.2 mm which approximates 0.29λ at 5.88
GHz. The dimensions of all the parameters of the proposed antenna are listed in Table - 2. 
III. SIMULATED AND EXPERIMENTAL RESULTS
The proposed antenna is designed using the commercial electromagnetic software CST Microwave
Studio and fabricated with optimized dimensions given in Table 1 . Fig. 4 shows the fabricated prototype of the proposed rectangular patch antenna along with the measured and simulated (with and without adding L-shaped stub) reflection coefficients. The measurements have been performed using The reflection coefficient characteristics of the proposed antennas can also be explained by observing the current distributions of the proposed antenna. The surface current distributions of the rectangular patch antenna at 2.45 GHz, 3.5 GHz, 4.2 GHz and 5.85 GHz is given in Fig. 5 . In the figure, the red colour indicates maximum current density while blue colour indicates minimum current density. We can see that at low frequencies, maximum current is distributed on the L-shaped stub and the octagonal slot. Similarily at the high frequencies maximum current is distributed on the patch and very less current on the L-shaped stub and the octagonal slot. Thus, the current distributions justify the conclusions drawn previously wherein the lower resonances were attributed to the L-shaped stub and the slot and the higher resonances were attributed to the patch. 
Here, c stands for the speed of light in free space, l 4 is the effective monopole height as given in equation (3), while  r,eff is the effective relative permittivity to be calculated from equation (4) . For calculating the effective relative permittivity, it is assumed that for a CPW fed monopole, half of the established field lies in air while the remaining half is distributed in the substrate. The resonance frequencies are calculated using equations (1) to (4).
V. PARAMETRIC STUDY

A. Effect of the Separation between Patch and Ground
The separation between the patch and the ground plays a crucial role in obtaining wider impedance bandwidth. Fig. 7 shows the variation in return loss by varying the separation between the patch and the ground. It can be seen from the figure that a smaller separation gives better impedance matching at higher frequencies. Hence, the separation b10 needs to be optimized and the optimum value is found to be 3.7 mm. At this optimum value, the maximum coupling of electromagnetic energy between the patch and the ground is achieved over a wider bandwidth.
B. Effect of Varying the L-shaped tuning stub length
The effect of varying the overall length 'l2' of the L-shaped tuning stub on return loss is given in Fig. 8 . It can be seen from the figure that as the length 'l2' increases, the first resonance and higher cut-off frequency shifts towards the lower frequency side. Hence an optimum value of 18.6 mm is considered for the proposed antenna in order to get the first resonance frequency at 2.4 GHz. 
C. Effect of Varying the stub height
The effect of varying the height 'b8' of the vertical stub on the return loss is given in Fig. 9 . It can be seen from the figure that as the height 'b8' increases, the return loss at the first resonance frequency becomes more than -10 dB because of improper coupling between the vertical stub (above the patch ) and the L-shaped stub. Hence, an optimum value of 4 mm is considered for the proposed antenna in order to get first resonance frequency at 2.4 GHz band as well as good overall impedance matching. stepped patch has been considered. As further decreases the 'g9' value then return is deteriorates at some resonance frequencies as well as improving at other frequencies so an optimum value of 4.8 mm has been considered in the fabricated prototype. Similarly, the effect of parameter step patch length w1 on return loss characteristics and bandwidth is shown in Fog 10 (b). These parameters g9 and w1 of stepped patch add the one more degree of freedom in design. 
VI. RADIATION PATTERNS AND GAIN
The radiation patterns of the octagonal slotted rectangular shaped patch antenna is simulated in the Eplane and H-plane using CST Microwave Studio and measured in an in-house anechoic chamber using antenna measurement system. A standard double ridged horn antenna is used as reference antenna. The simulated and measured radiation patterns of the proposed antenna are shown in Fig. 11 for different frequencies. The H-plane radiation has omni-directional pattern while the E-plane radiation has bidirectional (dumb bell shaped) pattern. For both the cases, the simulated and measured results are found to be in close agreement with a little difference due to measurement and alignment errors. The simulated and measured peak gain across the operating bands for the proposed antenna is illustrated in Fig. 12 . As can be seen, stable gain across desired band has been achieved. The peak gain remains between -1dB to 5 dB in the useful band and increases with frequency due to the increased effective area of the antenna at shorter wavelengths. The radiation efficiency characteristics of the proposed antenna was calculated by using CST Microwave Studio and in the first operating band efficiency is about 73% while in the second operating band it is about 84%. At smaller frequencies, the antenna becomes smaller when compared to the wavelength. Hence, the antenna becomes more like a transmission line rather than as radiating element. Hence, even when the return loss is better, the part of the energy radiated becomes less. Hence, the gain and efficiency are less at lower frequencies as seen in simulations. The stable radiation patterns with a reasonable gain make the proposed antenna suitable for being used in WLAN/WiMAX and UWB communication applications. 
VIII. ACKNOWLEDGEMENT
The first author is a doctoral student at Symbiosis International University, (Deemed University), Pune, India and acknowledges DIAT (Deemed University), Pune for the facilities extended and R.V.S. Rama Krishna and Nagendra Kushwaha for their technical suggestions.
